Introduction
The relays which are intended for connecting the electrical load are prone to some disadvantageous phenomena. These may include making of overload currents and short-circuit currents, which may lead to shortening the time of maintenance of relays or, in extreme cases, to their complete destruction. Long term exposure to higher temperature may lead to relays degradation, for example change of its contact resistance and opening and closing times [18, 19] . The research already performed by Morin [12] , Neuhaus [13] and Doublet [4] , who independently undertook work for similar contact materials, concentrate on low-current circuits of direct current and small amperage. There are also articles related to the processes of making circuits of alternating current of average voltage and amperage of several kA [1, 6, 14] . The operation of making significant currents may lead to contact bounces. Altogether with the increase of values for amperage of contacting current, there is the increase of loss of the mass of contact rivet [5, 14, 17] . Apart from that, discharge arc, accompanying commutation of electric circuits, may cause strong, local heating of an arc root, even above the temperature of melting for a certain contact material [7] . If at least on the surface of one contact the material is melted and the contacts close, then welding occurs [7, [9] [10] [11] . Primary properties of a contact material may change if the surface of contact or the composition of the material is changed [20] . The composition may change through thermal influence of current. Such conditions are true mostly for making currents of significant amperage, of several kiloamperes. The area of deformation for a contact surface depends on the resistance of a certain material to welding. The lower resistance, the bigger surface of contact is changed [20] . The article describes the influence of the short-circuit current phase on the welding tendency for selected contact materials, which are: AgNi, AgCdO and AgSnO 2 . Research in this filed is focused mainly on d.c. circuits with low amperages, no exceeding hundreds of amps, or with a.c circuits and amperage level of several kA. Presented results are therefore new in this area as are focused on a.c. circuits and medium amps value with contact materials tested that are widely exploited in industry. Switching a damaged circuit will result in a short-circuit current flow which can be many times higher than the rated current of a relay. This current flow will generate significant heat generation in contacts that may result in contact welding. However the tendency for contact welding in such a.c. circuit is not only related to contact material but also to the phase of current at which the contacts are closed.
Contact welding tendency and force of the weld
Contact welding can occur inside the contact areas of the contact surface A S . When the switching arc is present, it is assumed that the welding takes place inside the area where the A m surfaces, melted due to the electric arc, meet. Each arc root spot is surrounded by a molten contact material, located completely or partially inside or outside of the contact surface. The pinching force of the contacts depends on the size of area A 0 [13, 16] .
The welding force of the contacts also depends on the contact material used. Some contact materials show a higher tendency to welding than others [12] . If the contact material is characterized by a high welding tendency, also the resulting welds will form as strong. Pure silver has the worst properties in this respect, it has a higher tendency for welding [8] and this is one of the reasons why it is not used as a contact material. AgCdO is characterized by slightly better param-sciENcE aNd tEchNology eters. It has a lower tendency for welding, but they create welds with higher strength.
Contact materials AgSnO 2 and AgNi, used in the tested relays, have similar properties in the range of welding tendency and their strength. In this case, the first of these forms stronger joints, but exhibits a lower tendency to form them. The influence on the welding force will also have the type of the load. A resistive-inductive load leads to welds with lower weld force than with a purely resistive load. The greatest welding forces occur with the resistive-capacitive load [13, 16] . In the case under consideration, i.e. the short circuit, the load has a resistive character. The inclusion of a current of higher intensity leads to the welding of the contacts of higher weld strength. The shorter duration of the contact bounce leads to the formation of welds with a greater force than the bounces of a longer duration. According to Rieder and Neuhaus [15] the explanation of this process is related to different contact bounce heights. With a shorter duration of the bounce on the contact surface, a deep arc spot appears with a smaller surface than with a longer bounce. When a bounce occurs for a longer duration, the contact surface is melted, although only on the surface itself, which leads to the formation of a weld of lower strength. Welds with significant force occur with bounces lasting less than 100 µs. The contact bounces of a longer duration lead to splashing the molten contact material away from the contact point [2] . Increasing the content of oxides in the contact material (AgSnO 2 In) reduces the strength of welds. Contact welding will be more frequent with time, and they will produce stronger welds [3] .
Materials and methods
The most difficult working conditions for electromagnetic relays can occur at the moment of closing the damaged circuit in which a short-circuit current occurs. With significant short-circuit currents, processes such as contact heating above the melting point of the material, contact bounces and also welding may occur. Attempts have been made to connect a short circuit with the expected short-circuit current of 320 A. Contact materials that were tested are: AgNi, AgCdO and AgSnO 2 . Each of them was composed of 90 % silver and a 10 % addition of nickel, cadmium-oxide and tin-oxide respectively. The AgSnO 2 was tested in two variations. For the first one contact rivets were made in the process of internal oxidation and refereed in the article simply as AgSnO 2 . For the second one the rivet was designed to withstand higher inrush currents (up to 80 A for 20 ms) and refereed in the article as AgSnO 2 P. The system is designed to test short-circuit currents with prospective values up to 20I n in circuits equipped with typical overcurrent protection apparatus, used in low voltage electrical installations, with rated current 16 A. In addition, the system is equipped with an external device synchronizing the moment of relay activation with the phase of the supply voltage. This system is intended for switching the relay contacts in the selected phase of the mains voltage. Measurements were carried out for two switching on currents:
switching on the short-circuit current occurs at the moment when • the voltage between the contacts reaches zero (case A), switching on short-circuit current occurs at the moment when • the voltage between the reaches the maximum value (case B).
For case A short-circuit current increases from zero, and in case B shortcircuit current starts from the maximum value. The effects of such switching on the short-circuit current will have an impact on the electrode processes occurring in the contacts during the short-circuit. Switching on the circuit at the moment when both current and voltage reach zero, puts milder conditions for the operation of the relay. There shouldn't be a preliminary electric discharge between the contacts, thus the contact surface may undergo less erosion. The short-circuit current increase is slower, so that electrodynamic contact bounces may be shorter or won't occur at all. Switching on the circuit at the moment when both voltage and current reach peak value can cause drastically different effects. A sudden increase in the short circuit current value may lead to the appearance of significant electrodynamic forces in the initial phase of the closing process. In consequence, this will lead to the occurrence of contact bounce during the current flow and thus to the ignition of the electric arc. This arc will contribute to further significant erosion of the contact surface.
Results
An example oscillogram of short-circuit current and the voltage between the relay contacts when the short-circuit circuit is closed when the voltage reaches zero is shown in Fig. 1 . The graph shows that when the supply voltage reaches zero, the short-circuit current begins to flow. It can be noticed that after about a time of 4 ms since the beginning of the current flow, the current decreases slightly, and after the time 5 ms there is a significant reduction in its values. This limitation is related to the effect of overcurrent protection in the circuit. The interruption of the fault circuit occurred after less than 7 ms since the occurrence of a short circuit.
Eight attempts were made for each contact material. The current and voltage between the relay contacts were recorded. After each test, the contacts were checked for welding. On the basis of the oscilloscope recording, it was determined whether in the given test a contact bounce occurred. A summary of the results obtained are presented in table 1. It can be seen that for none of the attempts contact bounce b or welding s was observed. This leads to the conclusion that for switching the circuit at the moment when the current increases from zero value does not cause negative effects related to the relay rivets. Clearly visible is the boundary between the eroded and unchanged contact surface. For AgNi, the visible change is characterized by a greater graininess of the eroded contact material. For other materials, these changes are characterized by the occurrence of larger flat surfaces. In each case, there are no noticeable splashes of the contact material. This means that there was no melt discharge when closing the contacts. It was eroded only after they were closed under the influence of high temperature generated by the current flow. An exemplary oscillogram of short-circuit current and voltage between the relay contacts at the moment when the voltage reaches the maximal value is shown in Fig. 7 . After closing the contacts of the relay, the current starts flowing and reaches a peak value of 432 A after 1 ms. sciENcE aNd tEchNology should also pay attention to the convergence of these two processes (s ∧ b) as shown in Tab. 3. The appearance of the bounce almost or each trial ended with contact weld. Although the contacts made with AgNi should show a higher resistance [12] , according to the presented results it did not. It has been shown that in the unfavourable switching The significant steepness of the current rise in the circuit results from the negligible value of the inductive reactance of the circuit. At the same time, the process of switching off the current by short-circuit protection apparatus begins. When the current passes through zero, the current flow is interrupted.
Fig. 4. View of the contact surface under the electron microscope, when the short-circuit current is switched at zero (case A), for contacts made of AgSnO 2

Fig. 5. View of the contact surface under the electron microscope, when the short-circuit current is switched at zero (case A), for contacts made of AgSnO
In the same way as in the previous case, each time the contact was checked and whether or not a bounce occurred during the time of the given test. The results are presented in the table 3. Almost for every registered sample there was a contact bounce. This bounce, as already discussed earlier, can be a dominant contributor to the welding process. In the scope of the short-circuit current switching experiments with the expected value of 320 A, when closing the relay contacts in the maximum supply voltage, the tested contact materials showed their different susceptibility to welding. They were noted for two contact materials: AgNi and AgCdO. The other two materials showed higher resistance to welding despite contact bounces. Therefore, one sciENcE aNd tEchNology conditions that occur in operation -switching on damaged circuits, the contacts made of AgNi and AgCdO are characterized by low resistance to the welding process. Photographs of the contact surfaces are shown in Fig. 8 . Clearly very different erosion of the contact surfaces can be observed (Tab. 4). In particular, this applies to the contact materials for which the welding process has been observed. For them, erosive changes relate to a significant part of the surface. The smallest surface changes occurred for AgSnO 2 P. For this material (and AgSnO 2 ), no welds were observed, despite the occurrence of bounces. In the figures 9, 10, 11 and 12, photographs of eroded areas made with scanning microscope are presented, successively for contact materials AgNi, AgSnO 2 , AgSnO 2 P and AgCdO. Due to thermal processes occurring during the switch-on time (mainly due to the electric arc) part of the contact material has been melted. When closing the contacts, this material is thrown out of the contact area. It can be seen that the direction of ejection of this material is centrifugal from the point of contact. The ejection range of the molten material reaches, in the extreme case, for AgNi even 300 µm counting from the border of the periphery of the region in the shape of a circle. For AgSnO 2 P, changes of a similar nature are virtually imperceptible.
In figure 13 the state of the contact surface is presented, for a selected case in which the contacts have been welded. Two areas clearly stand out. In the middle of the figures, porous changes are visible on the contact surfaces. These are the places where the contacts have interfered and then mechanically broken. These surfaces are characterized by an elevation (convexity) in relation to the base of contact surface. Both for AgNi and AgCdO the areas of torn bonding joints For the AgNi material it is seen that the melted material flows from the area where the weld has occurred. For AgCdO, there are three levels of the contact area, where the 1 area is higher and 3 lower than the area 2. The boundary of material disruption and their breakthrough is plastic-brittle. sciENcE aNd tEchNology
Conclusions
Based on these results, it can be concluded that the most resistant to welding (AgSnO 2 ) [12] was characterized by the smallest deformation of the contact surface. In the next order is AgNi, and the biggest changes are observed for AgCdO. The melting point of these materials, according to the manufacturer's data, is identical (961 °C). The differences occur in the case of thermal conductivity. For AgSnO 2 the coefficient of thermal conductivity is not described by the manufacturer, but for AgCdO it is by 12 % smaller than for AgNi, hence the susceptibility of this material to the effects of thermal interactions can be greater. This may justify the observed increase in surface degradation at the AgCdO contacts.
In the analysed case, the level of local destruction of the contact surface will be significantly affected by the value of thermal conductivity, and not by the hardness or melting temperature (which are almost identical) of the contact material. Higher thermal conductivity means better heat transfer from its source (contact area) deeper into the material. Thus, with better conductivity, the heating in the contact zone, up to the melting point, will take longer or will require more energy (higher current). In the discussed experimental conditions, the worst conditions occur for the material with the least thermal conductivity.
Contacts bounces occurred only when the current was switched on in maximum voltage. Switching on the circuit at the moment when the voltage (and current) reaches the value of zero does not cause unambiguously negative effects on the contact surfaces of the tested relays. In the range of the applied test currents, welding occurred only for contacts made with AgNi and AgCdO and only for switching the circuit when the current reached its peak value (case B). One should also pay attention to the convergence of the occurrence of contact bounce and its welding. The appearance of the bounce almost for each trial ended with contact weld. Thus, contacts made with AgNi and AgCdO are characterized by low resistance to the welding process. On the contact surfaces, a single contact area is visible, with the shape of a circle that has eroded. This area is located almost in the middle of the contact.
There is no visible discolouration of the unevened contact surface. The material most resistant to welding (AgSnO 2 ) was characterized by the smallest erosion of the contact surface, higher erosion is visible for AgNi and AgCdO respectively. When switching on the voltage, splashes of the contact material are not noticeable. This means that the erosion of the contact area occurred under the influence of its heating without the participation of arc. For switching on the maximum voltage, a significant part of the contact material is melted and can be ejected out of the contact area. The direction of ejection of this material is radiant from the point of contact.
